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a  b  s  t  r  a  c  t
Polymethacrylate-based  monoliths  have  excellent  ﬂow  properties.  Flow  in the  wide  channel  intercon-
nected  with  narrow  channels  is theoretically  assumed  to account  for  favorable  permeability.  Monoliths
were  cut  into  898  slices  in  50 nm  distances  and  visualized  by  serial  block  face  scanning  electron
microscopy  (SBEM).  A 3D  structure  was  reconstructed  and  used  for  the  calculation  of  ﬂow  proﬁles  within
the  monolith  and  for calculation  of  pressure  drop and  permeability  by computational  ﬂuid  dynamics
(CFD).  The  calculated  and  measured  permeabilities  showed  good  agreement.  Small  channels  clearly
ﬂowed  into  wide  and  wide  into  small  channels  in  a repetitive  manner  which  supported  the  hypothe-
sis  describing  the favorable  ﬂow  properties  of these  materials.  This  alternating  property  is also  reﬂected
in  the  streamline  velocity  which  ﬂuctuated.  These  ﬁndings  were  corroborated  by  artiﬁcial  monoliths
which  were  composed  of  regular  (interconnected)  cells  where  narrow  cells  followed  wide  cells.  In thelow real  monolith  and  the  artiﬁcial  monoliths  with  interconnected  ﬂow  channels  similar  velocity  ﬂuctuations
could  be observed.  A  two  phase  ﬂow  simulation  showed  a lateral  velocity  component,  which  may  con-
tribute  to the  transport  of  molecules  to  the  monolith  wall.  Our study  showed  that  the  interconnection  of
small  and  wide  pores  is  responsible  for the  excellent  pressure  ﬂow  properties.  This  study  is also  a guide
for  further  design  of  continuous  porous  materials  to  achieve  good  ﬂow  properties.
ublis©  2015  The  Authors.  P
. Introduction
Monoliths made of polymethacrylate with a macroporous struc-
ure have a markedly lower speciﬁc permeability compared to a
acked column bed made up of particles [1]. These new polymer
tructures are the latest generation of chromatography materials
nd have the greatest potential for separation of the new bio-
harmaceuticals and bionanoparticles in applications ranging from
mall capillaries to large industrial scale separations [2,3]. Mor-
hological analysis using 3D reconstructions derived from in situ
ltramicrotomy in the scanning electron microscope has provided
mportant information [4,5]. This method was ﬁrst published in
he ﬁeld of life sciences as serial block face scanning electron
icroscopy (SBEM) in a landmark paper by Denk and Horstmann
6] and has found its way into materials science [7]. In this
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procedure, the material must be sliceable and should deliver sufﬁ-
cient contrast for imaging with an SEM, as explicated in [8,9] with
respect to porous materials. However, present understanding of
the pressure ﬂow curves approximated with a standard model and
electron micrographs has not explained the excellent ﬂow prop-
erties of this material. Clariﬁcation of the ﬂow properties and bed
structure will be the basis for the generation of new materials and
for insights in existing ones.
These polymer monoliths are intersected with ﬂow channels
and the mass transfer within these beds is assumed to be solely due
to convection. This behavior, together with the large pore structure
of >1.5 m makes monoliths excellently suitable for separation and
adsorption of large biomolecules and bionanoparticles [10].
The structure of the monoliths has been entirely empirically
developed [11]. The ratio of the monomers, the solvent, also
called the porogene, and polymerization temperature governs the
pore size, porosity, and interconnection of the polymer globules,
as shown by SBEM [12–14]. The characteristic pictures of these
structures resemble small nodules glued together with crevices
[10], which have been interpreted as channels or pores. The 3D
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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Fig. 1. (A) Geometry of the monolith created by importing the provided STL ﬁle and (B) ﬂow channel included in the monolith.
Fig. 2. (A) Pressure drop inside ﬂow channel – cross sectional side view; (B) ﬂuid velocity inside ﬂow channel – cross sectional side view; and (C) ﬂuid velocity inside monolith
–  cross sectional top view.
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ﬂFig. 3. Pressure ﬂow curves for poly-methacrylate based monoliths; the in
tructures of silica monoliths are available, but they do not serve to
xplain the ﬂow behavior of the polymer monoliths as their struc-
ure is completely different, resembling a 3D grid with a porous
ackbone.
Efforts to explain the ﬂow properties of monoliths have invoked
n equivalent particle diameter from pressure ﬂow curves using
he Ergun formalism and Kozeny–Carman equation [15] or a so-
alled tetrahedral skeleton column [16]. The surface to volume ratio
ust be known in order to derive a meaningful equivalent par-
icle diameter. Even so, these types of monoliths have displayed
 lower porosity than would be expected by equivalent particle
iameter. Mihelicˇ et al. [1] hypothesized that wide channels ﬂow
epeatedly into small channels and large ones into narrow ones.
 relatively simple calculation explained the lower permeability.
ith SBEM, a 3D structure of a monolith can be reconstructed
n the form of a mesh, as demonstrated by several investigators
or various monolithic structures [17]. This information has been
arely utilized by computational ﬂuid dynamics (CFD) to visualize
he ﬂow in the channel and to calculate an average permeability
nd a pressure drop. The CFD also allows to question whether a
olymer monolith is an isotropic or anisotropic structure. The high
ecovery of large biomolecules and bionanoparticles from poly-
er  monoliths allows the assumptions that dead end pores are
ot present and that a free ﬂow of these molecules is possible
18].
In this study, a polymethacrylate monolith was cut with a slice
hickness of 50 nm.  The slices were analyzed by SEM, allowing
s to reconstruct a 3D geometry of the monolith. This numerical
epresentation of the geometry of the monolith was  then used to
ompute the permeability and to model the pressure drop and ﬂow
ehavior in the channels. We  also compared the results obtained
rom the simulations and the model calculations to the macroscopic
ow measurements.ows the geometry of the annular shaped monolith and the ﬂow direction.
2. Materials and methods
2.1. Monoliths
A polymethacrylate monolith (BIA Separations, d.d.o. Adjovcina,
Slovenia) with a pore size of 1.5 m determined by mercury
porosimetry was used for the measurement of the pressure ﬂow
curve and was also subjected to SEM. These monoliths were cast
according to a protocol described by Tennikova et al. [19].
2.2. Sample preparation
For good contrast and to minimize potential radiation damage
to the specimen, staining of the material with osmium tetroxide
was performed. After staining, the monolith was  embedded in resin
Speziﬁx 40 (Struers A/S), which was  cured for 4 h at 40 ◦C. The
embedded sample was cut to a cube with an edge length smaller
than 0.5 mm using razor blades or microtome trim knives (Diatome,
Biel, Switzerland). The sample was then glued on a rivet, a special
single-use specimen holder made of aluminum, using superglue.
The specimen was then cut using a conventional microtome (Leica
UCT, Leica, Wetzlar, Germany) to achieve a ﬂat specimen surface.
Finally, the rivet was  mounted in the mechanically adjustable spec-
imen holder of the in situ ultramicrotome.
2.3. Image acquisition and processing
Scanning, cutting, and image acquisition were performed on
an FEI ESEM Quanta 600 FEG instrument (Hilsboro, OR) equipped
with a Schottky emitter (FEI, Eindhoven, The Netherlands) and a
prototype in situ ultramicrotome from Gatan (Pleasanton, CA). For
imaging, a backscattered electron detector from Gatan with supe-
rior imaging quality down to lower electron energies was  used. The
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(Fig. 4. (A) Velocity streamlines occurring inside ﬂow and (B, C) veloc
mages were recorded with Digital MicrographTM from Gatan at an
lectron energy of 4 keV in the low vacuum mode of the ESEM at
 pressure of about 100 Pa using water vapor as the imaging gas, a
umber of slices (898) with thickness of 50 nm were cut from the
pecimen. From each cut surface, an image of 1024 pixels × 1024
ixels with a pixel size of 98 nm × 98 nm was acquired, yielding
 captured sample volume of about 100 m × 100 m × 45 m.
rom this volume, a cube with an edge length of about 45 m
as cropped. The images were converted into an STL (STere-
Lithography) ﬁle by ImageJ [ImageJ, An open platform for scientiﬁc
mage analysis, http://imagej.net/, accessed on 2015-10-09.] and
n ImageJ plugin called BoneJ [BoneJ, Plugin for bone image analy-
is for ImageJ, http://bonej.org/, accessed on 2015-10-09.]. ImageJ
as used for binarizing the gray-scale values of the images by ﬁl-ering and thresholding processes. BoneJ was utilized to compute
n iso-surface from the binarized images and write the STL ﬁle.
he STL ﬁle contained a surface representation of the monolith
Fig. 1A).ng streamlines inside the monolith exempliﬁed for two  trajectories.
2.4. CFD
The geometry was created by importing the STL ﬁle into the
used CFD program (Starccm+ by CD-Adapco, Melville, NY, USA). A
consistency check of the STL ﬁle was  performed.
Based on the geometry, a surface mesh of the monolith was  cre-
ated by Starccm+ surface remesher tool. This surface mesh was
used to generate a volume mesh of the perfused volume. This
was achieved by subtracting the monolith from a rectangular pipe
that included the inlet and outlet region of the simulation vol-
ume. A principal sketch of the ﬂow geometry is depicted in Fig. 1B.
The ﬁnal volume mesh consisted of approximately 12.3 million
polyhedral cells, 58.6 million faces, and 40.5 million vertices. The
volume mesh also contained prism boundary layers in order to
increase the accuracy of the CFD simulation. In order to verify if
the mesh resolution was  sufﬁciently high, the CFD simulation was
performed with a mesh that contained 25.7 million elements which
meant an increase of the elements by a factor of 2.1. This increase
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iig. 5. Artiﬁcial monolith with alternating width of channels. (A) Geometry of paralle
ubes,  (C) channels are interconnected by planes.
esulted in a change of the obtained pressure and velocity of less
han 1.3% indicating that the applied mesh was sufﬁciently accu-
ate.
The inlet was realized as a constant velocity inlet. A velocity
f 0.001 m/s  was applied to the inﬂow surface. A pressure outlet
ondition was set for the outlet surface. All walls (monolith and
hannel) were so-called no-slip boundaries that are characterized
y a velocity of zero at the wall. Starccm+ steady-state laminar ﬂow
olver was utilized to calculate the ﬂuid ﬂow through the channel.
.5. Pressure drop measurements
The monoliths where connected to a chromatography work-
tation (ÄKTA Explorer 100, GE-Healthcare, Uppsala, Sweden) and
hen aqueous buffer solution was passed at different ﬂow rates (Q)
anging from 1 to 20 mL/min in 1 mL  increments. Pressure ﬂow
urves were constructed and the permeability was calculated with
q. (1):
P  = Q
B02H
∫ r2
r1
1
r
dr = Q
B02H
ln
(
r2
r1
)
(1)
0 is the speciﬁc permeability, H the height of the annular column,
nd  the dynamic viscosity (for deﬁnition see inset Fig. 3). r1 is
he inner radius and r2 is the outer radius of the annular column of
he monolith with r1 is 3.35 mm and r2 is 9.30 mm.  The height (H)
f the annular column was 4.20 mm.
For further evaluation of the pressure drop we applied the
ozeny–Carman relationship.
1
(
ε
)2
2
0 = 180 1 − ε dp (2)
 is the void fraction and dp the equivalent particle diameter accord-
ng to Tallerek et al. [15]. channels without interconnections, (B) channels are interconnected by rectangular
Patton et al. [20] have also developed a relationship for the
pressure drop in monoliths assuming straight capillaries with a
quadratic diameter of the length a.
P
L
= 28.4Q
a4
(3)
In the case of radial chromatography with an annular monolith, L
equals r2 − r1.
3. Results
The porosity of the monolith, determined using the volume
mesh, was  59.4%, in good agreement with other measure-
ments [2,21]. A computational ﬂuid dynamics simulation was
performed. The pressure inside the ﬂow channel at a central
plane is shown in Fig. 2A. It can be seen that a pres-
sure drop P  of 1393 Pa occurred along a monolith length
L of 45 m,  for a mass ﬂow rate m of 2.02 × 10−9 kg/s, an
inlet surface area A of 45 m × 45 m = 2025 m2, a dynamic
viscosity  of 8.89 × 10−4 Pa s, and a ﬂuid density  of
997 kg/m3. The volume ﬂow rate Q = m/ = 2.026 × 10−12 m3/s.
Using Darcy’s law to estimate the permeability B0,  we found that
B0 = −Q ·  · L/(A · P) = 2.87 × 10−14 m2. Fig. 2B (side view) and C
(top view) show the velocity of the ﬂuid inside the channel. A
maximum velocity of 0.0325 m/s  was found inside the monolith
which is more than 30 times higher than the applied ﬂuid velocity
of 0.001 m/s.
For veriﬁcation, we experimentally measured pressure drops
at increasing velocities. We  observed permeability of 1.6 × 10−14
to 2.7 × 10−14 m2(Fig. 3), which indicated that the simulated and
experimentally measured permeability are in good agreement.
Fig. 4A shows the streamlines inside the monolith. The ﬂow
illustration clearly shows only through-pores. The trajectory and
the velocity of a single molecule traveling through a monolith were
calculated and a ﬂuctuating behavior in the ﬂuid ﬂow was  observed
(Fig. 4B, C). The ﬂuctuating ﬂow in the channels give rise to the
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Fig. 6. (A) Velocity along an exemplary streamline inside monolith AM1, (B) veloc-
ity  along an exemplary streamline inside monolith AM2, and (C) velocity along
exemplary streamline inside monolith AM3.
Fig. 7. Geometry used for two-phase CFD simulation consisting of 25 inlet pipes.
Only at the central inlet pipe a NaCl–water solution was applied, at all other inlet
surfaces pure water was provided.
assumption that narrow channels are followed by wider ones and
wide ones by narrow ones. In total, 100 streamlines were calculated
and only a small set of streamlines are shown to exemplify this
behavior. In order to further understand the ﬂow behavior, three
hypothetical/artiﬁcial monoliths (AM) were constructed in sym-
metric fashion in which wide circular channels (radius = 3.5 m)
are followed by narrow ones (radius = 0.8 m)  in alternating pat-
tern. In order to analyze the intermixing between the parallel ﬂow
channels, three interconnection approaches were constructed: (i)
AM1: no interconnections between channels (Fig. 5A), (ii) AM2:
interconnections in form of rectangular tubes between neighbor-
ing channels (Fig. 5B), and (iii) AM3: all channels are connected
by planes (Fig. 5C). In order to introduce some irregularity to the
ﬂow proﬁle, the centers of the circular ﬂow pipes are slightly eccen-
tric (randomly distributed with a maximum eccentricity of 0.4 m).
Fig. 5D shows a detailed representation of one connector plane of
AM2. The geometry and the mesh of the complete simulation vol-
ume – including inlet and outlet region – is shown in Fig. 5E. Fig. 5E
also depicts (a) the high mesh resolution around the monolith
area and (b) the side walls which were obtained by geometrically
cutting the simulation volume. For all three hypothetical mono-
liths CFD simulations were performed. The inlet surface area was
45 m × 45 m and the monolith length was  47 m.  A ﬂuid velocity
of 0.001 m/s  was applied. A detailed illustration of the CFD results
can be found in the supplementary material. The velocities of a
single exemplary molecule traveling through the artiﬁcial mono-
liths AM1–AM3 are depicted in Fig. 6A–C, respectively.
In order to study the intermixing of the ﬂuid inside the monolith,
an Eulerian two-phase CFD simulation was performed for the real
and the three artiﬁcial monoliths. Phase one was water and phase
two was dissolved NaCl. A geometry with 25 inlet pipes (each with a
surface area of 8 m × 8 m)  was  created (Fig. 7). Only at the central
inlet (blue surface) a water–NaCl solution (0.3%) was applied. At
all other inlets (red surfaces) pure water was provided. The inlet
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nside monolith AM2, (C) mass fraction of NaCl inside monolith AM3, and (D) mass
elocity at all surfaces was set to 0.001 m/s. Fig. 8 shows the NaCl
ass fractions inside the monoliths (artiﬁcial and real) at a plane
erpendicular to the ﬂow direction close to the monolith outlet.
. Discussion
The streamlines and velocity proﬁles suggested the possibility of
 deeper insight into the ﬂow pressure behavior of monoliths. The
ood agreement of the experimentally measured permeability and
he simulated permeability indicated that the simulation reﬂected
eality.
When monoliths have been introduced, pressure ﬂow behavior
as been one of the key advantages displayed over regular packed
olumns. The continuous bed allows a higher void fraction com-
ared to packed beds. Speciﬁc permeability is usually calculated for
onoliths using the Kozeny–Carman formalism (Eq. (2)). Certain
ssumptions as described below may  lead to incorrect interpre-
ation of the monolith ﬂow behavior. Originally, the concept of
ermeability was developed for packed beds with spheres. Simple
lectron micrographs of monoliths also suggest that the monolith
ould be approximated by beads packed in a column although thehe outlet. (A) Mass fraction of NaCl inside monolith AM1, (B) mass fraction of NaCl
n of NaCl inside real monolith.
small particles formed during polymerization are glued together
[22]. B0 in a packed bed according to Kozeny–Carman is
B0 =
ε3
k′(1 − ε)2s20
For a packed bed with spheres, s0 = 6/dp, Kozeny–Carman found
k′ = 5. For monoliths, Mihelicˇ  et al. [1] and Shkolnikov et al. [23]
found the values of k′ to be <2 and 2.4, respectively. These values
are substantially different to those observed for packed beds.
Vervoort et al. [16] tried to explain the pressure ﬂow behavior
of silica monoliths by the so-called tetrahedral skeleton column
structure. In this model, structural properties such as porosity,
ﬂow-through pore size, speciﬁc skeleton surface, etc. can be rep-
resented using only two single parameters: the skeleton diameter,
ds, and the skeleton unit length, ls. By varying skeleton diameters
and unit lengths, these investigators were able to regress a value
for the porosity. The mere visual inspection of a structure of a
silica monolith and a polymethacrylate monolith shows that the
structure of a polymethacrylate monolith cannot be described by
the tetrahedral skeleton model, because polymethacrylate mono-
liths bear a resemblance to small spheres randomly glued together.
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oreover, our CFD simulation shows a periodic behavior of the
ow, which is based in our case on the real structure of the mono-
ith reconstructed from 898 layers of SEM analysis. A tetrahedron
keleton column structure is an entirely artiﬁcial structure which
as been hypothetically advanced. This ﬂuctuation in ﬂow was
lso not revealed by Koku et al. [8], who reported a wide veloc-
ty distribution without the alternation of ﬂow in narrow and wide
hannels. Their work did not explicitly show that the velocity of
ne streamline changed as it travels along the monolith.
Mihelicˇ  et al. [1] tried to explain the difference between packed
ed and monolith by an alternating connection of wide and nar-
ow pores. The channels in a monolith are arranged in such a way
o lead to a lower pressure drop. Our simulations with artiﬁcial
onoliths also indicate that a lower pressure drop was observed
hen the alternating wide and narrow pores are interconnected
y a plane (Supplementary Fig. 1A–C). The work of Mihelicˇ et al.
1] and our ﬁndings suggest that velocity ﬂuctuation must occur,
lthough in their work not speciﬁcally mentioned. In our stud-
es, Fig. 4A–C clearly illustrates, that in real monoliths wide and
arrow pores are interconnected. In an artiﬁcial monolith with a
egular periodic arrangement of wide and narrow pores, this ﬂuc-
uation of velocity can be observed (Fig. 6A–C). In particular, the
imilarity in the velocity ﬂuctuation between real and artiﬁcial
onolith is high when the periodic ﬂow channels are intercon-
ected (Fig. 6B, C). The lower k′ values found by Mihelicˇ et al. [14]
nd Shkolnikov et al. [23] became meaningful and explained the
peciﬁc permeability of these types of structures. Patton et al. [20]
pproximated the pressure drop in monoliths using ﬂow channels
ith a rectangular superﬁcial area, assuming linear channels. Pat-
on’s approach is deﬁnitely not suited for the polymethacrylate
onoliths, because it does not reﬂect the ﬂuctuating ﬂow behavior.
sing the formalism of Patton et al. (Eq. (3)) with our deter-
ined pressure drop, we calculated a channel width of 6.38 m.
his width is deﬁnitely too high, as mercury porosimetry exper-
ments of the monolith have shown a channel diameter of about
.5 m.  Applying our permeability to the Kozeny–Carman formal-
sm (Eq. (2)) for a packed bed indicated a particle diameter of
.6 m.  The rough assumption that the free void in a packed bed
ith incompressible beads is about 1/3 of the particle diameter
orresponded well with the porosity data. Both formalisms used
impliﬁcations which do not completely reﬂect the real structure
f the monoliths. Thus, there was a clear discrepancy between the
FD based on the measured real structure and the engineering
odels.
The velocity may  also have other effects on the transport of
acromolecules to the surface. The monolith is well perfused and
he ﬂuctuating velocity may  also induce a lateral transport to the
all. This is still a speculation but explains why in monoliths the
arge biomolecules adsorb in such a rapid manner [21,24]. Our
FD results of the artiﬁcial monoliths AM2  and AM3  also strongly
ndicate that the lateral transport is of importance, as only these
wo artiﬁcial monoliths exhibit the stochastically ﬂuctuating ﬂuid
elocity that is also shown by the real monolith (compare Fig. 4B
nd C with Fig. 6B and C), whereas the artiﬁcial monolith AM1
xhibits a clear periodic velocity proﬁle without a stochastic com-
onent (Fig. 6A).
The periodical arrangement of large and small pores and
he consequent ﬂuctuating velocity in the streamlines is one of
he most important features of polymer-based monoliths. This
tructure was not designed, but empirically developed and many
cientists have observed excellent ﬂow and separation properties
f monoliths. The link between ﬂow properties and separations
s still missing, but our ﬁndings may  guide the synthesis of new
tructures toward a structure in which large and small channels are
nterconnected. Novel design must maintain ﬂuctuating ﬂow prop-
rties while the backbone formed during polymer synthesis must
[togr. A 1425 (2015) 141–149
be further reduced in order to increase surface area and decrease
pressure drop.
5. Conclusion
The ﬂow properties of monoliths are governed by the alternation
of wide and narrow channels. The engineering approach formu-
lated by Mihelicˇ et al. proposed these properties. In conclusion, we
show that this behavior can be explained in much deeper detail
by CFD. This ﬁnding is further supported by an artiﬁcial design
which also demonstrated ﬂuctuating velocities. Our ﬁndings should
contribute to further rational design of monoliths.
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